Abstract During the¯ow of an emulsion, droplets of the dispersed phase can deform, break up, coalesce or migrate to other regions within the¯ow ®eld. Understanding these dierent processes is relevant to morphology development in immiscible polymer blends. Here, emulsions of castor oil in silicone oil were employed to study shear-induced coalescence alone; the conditions chosen were such that drop breakup and drop migration did not occur. A cone-and-plate device and tubes of varying length were used to examine the in¯uence of the average shear rate, the time of shearing, concentration of the dispersed phase, and temperature on the average droplet size. It was found that the extent of``demixing'' was not in¯uenced by the spatially non-homogeneous nature of¯ow in a tube; results correlated very well with the average shear rate. On the other hand, coalescence was signi®cant even when the concentration of the dispersed phase was as low as 0.5%, and it became more important as the concentration was increased. Other results were that the extent of coalescence could be promoted by lowering the shear rate. In quantitative terms, it was found that available coalescence theory gave the correct order of magnitude for the average steady-state droplet size as a function of the imposed shear rate, but the actual variation of drop size with shear rate was gentler than that predicted by theory. An unusual observation was that, under some circumstances, the droplets did not coalesce but simply stuck to each other and maintained their separate identity.
Keywords Model emulsions á Polymer blends á Demixing in shear ow á Droplet coalescence á Droplet aggregation on individual drops, and for Newtonian liquids it is found that the results depend on two dimensionless groups ± the capillary number sd/r and the viscosity ratio g d /g m (Taylor 1934) . Here s is the local shear stress, d is the drop diameter, r is the interfacial tension, g is viscosity, and the subscripts``d'' and``m'' stand for dispersed phase and matrix phase, respectively. The larger the capillary number, the larger is the extent of drop deformation, but beyond a critical value of the capillary number drop breakup takes place. Results for the shear-induced breakup of a single drop of a Newtonian liquid suspended in another Newtonian liquid are generally presented as plots of the critical capillary number required for breakup as a function of the viscosity ratio; there is good agreement between theory and experiments (Utracki and Shi 1992). In particular, it is found that drop breakup is especially easy when the viscosity ratio ranges between 0.1 and 1.0 but that it is impossible in a shear¯ow when this ratio exceeds 3.8 (Grace 1982).
The above satisfactory situation for single drops is in contrast to that for a collection of drops, i.e., an emulsion. The observed equilibrium drop size for the shear¯ow of an emulsion of two Newtonian liquids is generally larger than the drop size calculated using the Taylor theory; mismatch by an order of magnitude is not uncommon, and the dierence increases with increasing dispersed phase concentration (Utracki and Shi 1992, and references therein). This large deviation from the single drop analysis is the result of droplet coalescence: when drops collide with each other, either due to Brownian motion or as a result of¯ow, they can coalesce, and this results in a coarsening of the morphology even when the dispersed phase concentration is as low as 0.5% (Elmendorp and Van der Vegt 1986). Note that in commercial blends the dispersed phase concentration can easily be several tens of percent (Utracki 1989). As a practical matter, therefore, drop coalescence should be avoided during polymer blending, since its eects go counter to the goal of the mixing operation and represent a wastage of energy. Due to this and other reasons, the phenomenon of coalescence or`d emixing'' has been studied both theoretically (see the reviews by: Chesters 1991; Janssen 1993) and experimentally (Grizzuti and Bifulco 1997; Minale et al. 1997; Vinckier et al. 1998a ; among others). While prior experimental work was conducted on emulsions that could simultaneously exhibit both drop breakup and drop coalescence, the research described here was carried out on a model system that showed only coalescence under the in¯uence of shear¯ow. The goal was to examine the eect of the various material and processing variables on the equilibrium drop size, and the ability of available coalescence theory to quantitatively describe the results. Experiments were done in a cone-and-plate apparatus and in tubes of varying lengths and diameters.
Materials and procedure
Emulsions of castor oil dispersed in silicone oil were employed for all the experiments described here. The castor oil was obtained from Aldrich. It is a triglyceride of a combination of fatty acids. At room temperature it had a density of 961 kg/m 3 and a viscosity of 0.742 Pa á s. The silicone oil was purchased from Thomas Scienti®c; it had a density and viscosity of 963 kg/m 3 and 0.048 Pa á s, respectively. Since the densities of the two liquids were closely matched, neither creaming nor sedimentation was expected. Also, since the viscosity ratio was signi®cantly greater than 3.8, drop breakup was unlikely to occur in a laminar shearing¯ow. Both liquids were Newtonian, and, as a consequence,¯uid elasticity was not a concern. Note that the castor oil/silicone oil system (but with dierent viscosity levels) has been used by others in the past, and the reported value of the interfacial tension is 0.0043 N/m (Elmendorp 1986; Janssen 1993) .
Emulsion samples at a 5% concentration level were prepared with the help of an ultrasonic vibrator horn; the frequency was 20 kHz. The droplet size could be changed by changing the power of the ultrasonic vibrator. Furthermore, longer emulsi®cation times gave rise to smaller droplet sizes with a narrower size distribution. This emulsion was further diluted to a ®nal castor oil concentration of 1% and 0.5%; in this process the droplet size remained unchanged. It was also veri®ed that the emulsions were stable for a period of at least 2 days. This was done by allowing samples to sit on a slide, or in a beaker, and later determining the change, if any, in the average droplet size; sizes were measured using an optical microscope as described later. Note that at these concentration levels, droplet migration was not likely to take place during spatially non-homogeneous¯ows (Goldsmith and Mason 1962) .
The emulsions were sheared at a constant shear rate in a locally fabricated, 0.08-m-diameter, cone-and-plate device made from poly (methyl methacrylate). The plate was stationary while the cone, which had a 4°cone angle, was rotated at a constant angular velocity; shear rates ranged from 7 to 60 s A1 . Shearing was stopped periodically and material was removed for optical observation by withdrawing samples from the central region between the cone and the plate. For the tube-¯ow experiments, a 1-l capacity syringe pump was employed to extrude the emulsions through PVC tubes with lengths of between 1 and 15 m and diameters between 1.59 and 2.38 mm. For some of the runs, the tubes were immersed in warm water. Sheared samples were collected on slides approximately 30 min after the inception of¯ow. By varying the tube dimensions and the volumetric¯ow rate, the emulsion could be sheared for dierent time periods at a variety of average shear rates. Other variables that were examined were the volume fraction of the dispersed phase and the initial droplet size and size distribution.
A Fisher Stereomaster Zoom microscope with a magni®cation range of 32´to 160´was used to view the emulsion samples that were placed on a slide. A camera and a transmitted light source were employed to get pictures that had a good contrast. The pictures were digitized and analyzed using NIH-image software. The perimeter and area of each of about 500 drops was measured. Additional details are available in the thesis of Al-Mulla (1998).
Coalescence theory
In order for two drops to coalesce into one, they must collide during the time period of the experiment and the ®lm of liquid trapped between them must drain away. For equal-sized spherical drops, the collision frequency f in shear¯ow at a constant shear rate c is estimated to be (Chesters 1991; Janssen 1993):
